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ng by ElsAbstract Purpose: To evaluate the effect of heart rate, heart rate variability on dual-source com-
puted tomography image quality performed without the use of B blockers and to assess diagnostic
accuracy of dual-source CT (using adaptive electrocardiographic pulsing) for coronary artery ste-
nosis, by using invasive coronary angiography as the reference standard.
Materials and methods: Patients were studied without b-blocker pre-medication. Unenhanced CT
and CT coronary angiography with adaptive ECG pulsing were performed using DSCT (DEFINI-
TION, Siemens Medical Solutions, Forchheim, Germany). A contrast-enhanced volume dataset
was acquired (two tubes, 120 kV, 400 mAs/rot, collimation 64 · 0.6 mm). Fifty-one patients (11
women, 40 men; mean age, 60.5 years ± 10 [standard deviation]) known to have or suspected of
having coronary artery disease underwent dual-source CT and invasive coronary angiography.
Accuracy of dual-source CT in depiction or exclusion of signiﬁcant stenosis (P50%) was evaluated
on a per-segment and per-patient basis. Effects of heart rate, heart rate variability were assessed.
Patients were divided in three HRF groups: low, intermediate, and high (665, 66–79, and
P80 beats/min, respectively), and four HRV groups given mean inter beat difference (IBD) during
CT coronary angiography: normal, minor, moderate, and severe (IBDs of 0–1, 2–3, 4–10, and >10,
respectively). The diagnostic performance was presented as sensitivity, speciﬁcity, positiveuted tomography; IBD, inter
cy; HRV, heart rate variability
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282 M.A.M. Saad, H.Y. Azerpredictive values, and negative predictive values validated against invasive coronary angiography
(P50% lumen diameter reduction).
Results: Good image quality was achieved in 98% of patients without the use of B blockers and no
signiﬁcant differences in image quality were found among HRF and HRV groups. Twenty-three
patients were examined having a heart rateP65 beats/min, image quality was sufﬁcient for diagno-
sis in 281 of 312 coronary segments (92%), whereas in 28 patients with a heart rate <65 beats/min,
the image quality was sufﬁcient for diagnosis in 387 of 388 coronary segments (100%). On a per-
patient basis, 93% of patients (P65 beats/min) and 100% of patients (<65 beats/min) were consid-
ered evaluable. None of these differences were statistically signiﬁcant. Similarly, no difference in
diagnostic accuracy was found in per-vessel and -segment analyses.
Conclusion: In 51 patients studied without b-blocker pre-medication, the overall image quality of
dual-source CT coronary angiography is sufﬁcient for diagnosis within a wide range of mean heart
rates and variability of heart rates. Only heart rates that are both high and variable signiﬁcantly
deteriorate image quality, but the quality remains adequate for diagnosis.
 2011 Egyptian Society of Radiology and Nuclear Medicine. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
Spiral computed tomographic (CT) coronary angiography has
emerged as a noninvasive diagnostic modality that reliably
helps exclude the presence of signiﬁcant coronary artery dis-
ease (1,2). Several previous studies using 16- and 64-slice mul-
tidetector computed tomography (MDCT) have demonstrated
an inverse relationship between heart rate and image quality
concerning coronary artery visualization and detection of ste-
noses (1–4). Therefore, most authors recommend lowering the
patient’s heart rate to <65 beats/min to achieve stable image
quality (5–10). With that approach, sensitivities ranging from
85% to 99% and speciﬁcities between 93% and 98% for the
detection of coronary artery stenoses have been reported
(7,10). The requirement to premedicate patients with b-blocker
drugs to achieve a sufﬁciently low heart rate has been consid-
ered a major limitation concerning the clinical use of MDCT
coronary angiography.
Dual-source computed tomography (DSCT) uses two X-ray
tubes and detectors to achieve an improved temporal resolution
of 83 ms (11). With a gantry rotation time of 330 ms, this scan-
ner has heart rate-independent temporal resolution of 83 ms
with use of a single-segment reconstruction mode. Initial stud-
ies demonstrated high image quality of DSCT for coronary
visualization without b-blocker pre-medication (12–14). To as-
sess the inﬂuence of heart rate on diagnostic accuracy of DSCT
coronary angiography, we compared DSCT without b-blocker
pre-medication with invasive coronary angiography.
Electrocardiographically (ECG) controlled X-ray tube
current modulation, or ECG pulsing, has been introduced as
an effective tool to reduce radiation exposure by up to 50%
in spiral CT coronary angiography (6,7). The ﬁrst-generation
ECG-pulsing algorithms were not consistently used because
the occurrence of a single premature beat could result in
nondiagnostic image quality owing to incorrect timing of the
high X-ray tube output. Current ECG-pulsing algorithms are
able to detect ectopic heart beats and the X-ray tube current
modulation is automatically switched off until the heart rate
is stable again. Adaptive ECG-pulsing algorithms for use in
spiral CT are designed to maintain diagnostic image quality
in arrhythmic patients since the continuous high X-ray
tube output allows ﬂexible selection of the desired reconstruc-
tion phase throughout the R–R interval. However, imagequality is only maintained at the cost of higher radiation expo-
sure (8).
The purpose of our study was to evaluate the effect of heart
rate and variability of heart rate during scanning on the image
quality of dual-source CT coronary angiography without the
use of B blocker pre medication in patients who underwent
additionally conventional coronary angiography.
2. Materials and methods
2.1. Study population
Our study protocol was approved by the local Ethics Commit-
tee, with radiation dose information having been supplied to
that Committee. All patients provided consent for participa-
tion in the study after having been informed of radiation dose.
From December 2008 to December 2009, ﬁfty-one patients
referred for a ﬁrst diagnostic coronary angiogram because of
suspected coronary artery disease were included. Patients with
impaired renal function (creatinine >1.5 mg/dl), with im-
planted coronary stents or previous bypass surgery, with acute
coronary syndromes, Agatston scores higher than 400 or in
unstable hemodynamic situation were not included.
Thirty-four patients were taking chronic b-blocker medica-
tion, which was not discontinued for DSCT and no further pre
examination B blocker was given. The mean time interval
between DSCT and invasive angiography was 1.3 days (0–
3 days).
2.2. Scan protocol
Imaging was performed by using a DS CT scanner (Somatom
Deﬁnition; Siemens Healthcare, Forchheim, Germany). No
b-blockers were administered prior to the scan.
CT coronary angiographic parameters were as follows:
number of X-ray tubes, two; collimation, 32 detector rows of
0.6 mm each, with double sampling by using rapid alteration
of the focal spot in the longitudinal direction (z ﬂying focal
spot) (9); rotation time ms, 330; tube voltage, 120 kV; and full
tube current, 625 mA (independent of patient size). Prior to
scanning, the pitch was set automatically by the scanner
software. Depending on heart rate, pitch was set between 0.2
and 0.43.
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vist; Schering, Berlin, Germany), which varied between 60 and
100 mL, depending on the expected scan time, was injected
(ﬂow rate, 5.5 mL/s) in an antecubital vein followed by a saline
chaser (40 mL; ﬂow rate, 5.5 mL/s). A bolus tracking tech-
nique was applied to synchronize the data acquisition with
the arrival of contrast material in the coronary arteries.
All patients were scanned by using an adaptive ECG-puls-
ing algorithm. Optimal ECG pulsing was applied by using val-
idated ECG-pulsing windows during mid- to end diastole (60–
76% of R–R interval) in low HRF (665 beats/min), during
end systole (31–47%) for high HRF (P80 beats/min), and dur-
ing both mid- to end diastole and end systole (30–77%) for
intermediate HRF (66–79 beats/min), respectively (6). Outside
the ECG-pulsing window, the tube current was reduced to 4%
of the full current (Mindose; Siemens Healthcare).
2.3. CT image reconstruction
All CT coronary angiograms were reconstructed by using a
single-segment reconstruction algorithm, resulting in temporal
resolution, 83 ms; section thickness, 0.75 mm; increment,
0.4 mm.
Standard reconstruction algorithms were applied by using
an absolute reverse or percentage technique to obtain data sets
during end systole and/or mid- to end diastole according to
HRF (6). In case the standard reconstruction algorithm pro-
vided data sets with insufﬁcient image quality of one or more
coronary segments, additional data sets were manually recon-
structed. If necessary, multiple data sets of a single patient
were used separately to obtain optimal image quality for all
coronary segments (Fig. 1). Image reconstruction windows
were manually repositioned to achieve high image quality in
patients with arrhythmia (12). For CT coronary angiographic
analysis, the highest-quality data sets were transferred to an
ofﬂine workstation (MMWP; Siemens Healthcare).Figure 1 DSCT coronary angiography in a 60-year-old woman with a
heart and coronary arteries. Three-dimensional.2.4. Quantitative coronary angiography
Fifty-one patients underwent conventional coronary angiogra-
phy. All conventional angiograms were performed within
3 days of CT coronary angiography. The cardiologist identi-
ﬁed all available coronary segments at invasive coronary angi-
ography by using a modiﬁed model of the coronary tree with
13 segments (15). All segments, regardless of size, were in-
cluded for comparison with CT coronary angiography. Seg-
ments were visually classiﬁed as normal or having luminal
irregularities (<20% lumen diameter reduction) or as diseased
(P20% lumen diameter reduction). Stenoses were classiﬁed as
signiﬁcant if the lumen diameter reduction was 50% or more.
2.5. CT image evaluation
Contrast-enhanced dual-source CT was evaluated by using
thin-slab maximum intensity projection, along with curved-
planar reformation and three-dimensional volume rendering.
For the rating of image quality and stenosis detection the
same modiﬁed model of the coronary tree used in conventional
coronary angiography with 13 segments was employed (15): for
the right coronary artery, segment 1 was considered proximal;
2, middle; 3, distal; and 4, combined posterior descending and
posterolateral branches. Segment 5 was considered the left main
stem artery. For the left anterior descending artery, 6 was con-
sidered proximal; 7, middle; 8, distal; 9, ﬁrst diagonal; and 10,
second diagonal. For the left circumﬂex artery, 11 was consid-
ered proximal; 12, marginal branches; and 13, combined distal.
Image quality was classiﬁed for each segment as being
excellent (absence of artifacts related to motion or coronary
calciﬁcation), as indicated with a score of 1; good (minor arti-
facts), score of 2; moderate (considerable artifacts but main-
tained visualization of arterial lumen), score of 3; or poor
(nondiagnostic because of severe motion artifacts or extensive
wall calciﬁcation), score of 4.heart rate of 88 beats/min three-dimensional reconstruction of the
Table 1 Demographic data for HVF.
All
patients
Heart rate
665 beats/
min
Heart rate
66–79
beats/min
Heart rate
P80 beats/
min
No. of patients 51 23 18 10
Female 11 5 4 2
Male 40 18 14 8
Age, mean (yrs) 61 60 62 62.9
Diabetes 28 11 8 9
Hypertension 31 14 9 8
Radiation dose 11.7 mGy 14.9 mGy 16.6 mGy
Table 2 Demographic data for HRV.
All
patients
Normal Mild Moderate Severe
No. of patients 51 22 19 7 3
Female 11 4 3 3 1
Male 40 18 12 8 2
Age, mean (yrs) 61 59 61.9 62.4 63.1
Diabetes 28 9 8 9 2
Hypertension 31 11 10 7 3
Radiation dose 12.8 mGy 14.8 mGy 17.9 mGy 20.4
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stenosis (P50% narrowing in luminal diameter). In the case of
multiple lesions per segment, the segment was classiﬁed by
using the worst stenosis.
All CT coronary angiograms were interpreted for the pres-
ence of signiﬁcant stenoses by using axial source images, as
well as multiplanar or curved reformatted reconstructions
and maximum intensity projections. Stenoses were visually
classiﬁed as signiﬁcant (P50% lumen diameter reduction) or
nonsigniﬁcant (<50% lumen diameter reduction). Segments
distal to a chronic total occlusion were excluded. All scanned
patients, including all segments, were analyzed even if the im-
age quality was impaired.
2.6. Classiﬁcation according to HRF and HRV
Patients were categorized in three HRF (Heart rate frequency)
groups: low (665 beats/min), intermediate (66–79 beats/min),
and high (P80 beats/min). The absolute difference between
two consecutive heart beats was recorded during CT coronary
angiography. HRV (Hear rate variability) was deﬁned as the
sum of these absolute differences divided by the number of
heart beats and expressed as mean interbeat difference
(IBD). Patients were also categorized in four HRV groups:
normal (IBD, 0–1), minor (IBD, 2–3), moderate (IBD, 4–10),
and severe (IBD > 10).
2.7. Statistical analysis
The DSCT and invasive coronary angiography were compared
on a per-segment, -vessel, and -patient basis to determine sen-
sitivity and speciﬁcity as well as positive and negative predic-
tive value for the detection of stenoses of at least 50%
diameter reduction. Coronary segments with a reference diam-
eter <1.5 mm and coronary artery segments distal to a total
occlusion were excluded from the analysis for lack of clinical
relevance.
The image quality and diagnostic performance according to
HRF and HRV groups were compared. Impact of heart rate
and heart rate variability on mean image quality per patient
was tested by using multivariate linear regression analysis.
Thereby, heart rate was deﬁned as mean heart rate during
examination; heart rate variability refers to the maximal
spread of heart rate during examination. Interaction between
variables was checked by including multiplicative terms in
the initial model.
The data were clustered, implying that potential correlation
existed between the 13 segments analyzed per patient. Simple
linear regression was performed to plot effects of the above
parameters against image quality, and thresholds were calcu-
lated by using a linear regression equation (13,14).
3. Results
A total of 614 segments among 51 patients were evaluated for
both image quality and diagnostic accuracy.
There was no signiﬁcant difference (P = .33) in age
between men (60.6 years ± 11.0) and women (59.9 years ±
11.1). Mean scan length for the CT coronary angiographic
protocol was 11.0 cm ± 3.1.
Seven patients (14%) presented with moderate HRV. Three
patients (6%) presented with severe HRV Tables 1 and 2.Image quality was excellent in 134 (21.8%), good in 327
(53.0%), and moderate in 114 (18.5%) segments. Poor or non-
diagnostic image quality was found in 39 (7%) segments be-
cause of abundant motion artifacts or calciﬁcation.
The results in patient population taking chronic b-blocker
medication were almost identical to the results in the total pa-
tient population (Tables 3 and 4).
3.1. Image quality
Good to moderate image quality was achieved in 93% (573 of
614 segments) while impaired image quality was seen in 7%
(n= 39) of segments. Impaired image quality was more fre-
quently found in patients with severe HRV (10%, n= four
of 39) compared with moderate (7%, n= ﬁve of 73), minor
(1%, n= two of 204), or normal (0.5%, n= one of 269)
HRV. However, these differences in image quality found
among HRF or HRV groups were not signiﬁcantly different
(P= .95 and .56, respectively).
3.2. Diagnostic performance
The diagnostic performance of CT coronary angiography to
help detect signiﬁcant coronary artery stenosis according to
HRF and HRV are detailed in Tables 3–5 (per-segment and
per-patient analyses).
In respective patients with low (665 beats/min), intermedi-
ate (66–79 beats/min), and high (P80 beats/min) HRFs for an
overall per-patient analysis, sensitivity was 100%, 100%, and
99%; speciﬁcity was 82%, 87%, and 85%. In respective pa-
tients with normal (IBD, 0–1), minor (IBD, 2–3), moderate
(IBD, 4–10), and severe (IBD > 10) HRVs for an overall
per-patient analysis, sensitivity was 100%, 99%, 100%, and
100%; speciﬁcity was 81%, 88%, 84%, and 82% (see Table 6).
The radiation dose was 11% higher in the high (16.6 mGy)
compared with the intermediate (14.9 mGy) HRF group, and
Table 3 Effect of HRF and HRV on accuracy of DS CT coronary angiography to detect signiﬁcant coronary artery stenosis at
patient level.
Total HRF group HRV group
Low Intermediate High Normal Low Intermediate Severe
Analysis at patient no. level 51 23 18 10 22 19 7 3
Sensitivity % 100 100 99 100 100 99 100 100
Speciﬁcity % 87 82 87 85 81 88 84 82
Table 4 Effect of HRF and HRV on accuracy of DS CT coronary angiography to detect signiﬁcant coronary artery stenosis at
patient level in patients having chronic B blocker therapy.
Total HRF group HRV group
Low Intermediate High Normal Low Intermediate Severe
Analysis at patient no. level 34 21 11 2 22 9 3 0
Sensitivity % 100 100 99 100 100 99 100 N/A
Speciﬁcity % 87 82 87 85 81 88 84 N/A
Table 5 Effect of HRF and HRV on accuracy of DS CT coronary angiography to detect signiﬁcant coronary artery stenosis at
segmental level.
Total HRF group HRV group
Low Intermediate High Normal Low Intermediate Severe
Analysis at segment level 573 245 215 113 268 202 68 35
Sensitivity % 93 96 92 94 99.5 99 93 89
Speciﬁcity % 95 96 96 95 96 96 96 95
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low HRF group (11.7 mGy).The radiation dose was 37% high-
er in patients with severe HRV (20.4 mGy) as compared with
the normal HRV group (12.8 mGy).
4. Discussion
CT coronary angiography has emerged as a reliable tool to
help detect or rule out signiﬁcant stenoses in selected patients
with regular and preferably low (<65 beats/min) heart rates.
b-Blockers are commonly administered prior to CT coronary
angiography to lower the heart rate, thereby reducing the num-
ber of image-degrading motion artifacts. DS CT scanners pro-
vide an improved temporal resolution compared with
conventional (single-source) CT equipment and may obviate
the need for prescan b-blockers (16,17).
The current study ﬁndings are: ﬁrst, in a patient population
that is unselected for heart rate and arrhythmias during the
examination, dual-source CT resulted in good image quality
and high diagnostic accuracy, both of which were independent
of patient heart rate. Second, while heart rate variability dur-
ing examination does exert a considerable effect on image
quality, this does not result in signiﬁcant deterioration of diag-
nostic accuracy.
The overall accuracy that was found for dual-source CT in
our patient group is comparable to previously reported data
on the use of 64-section scanners (9,10,12). Yet, in contrast
to these studies, our data were obtained without an additionalb-blocker premedication for reduction of heart rate or elimina-
tion of intercycle variability.
Few studies have investigated the effect of HRV on image
quality and diagnostic performance. In these studies, HRV
was deﬁned as the standard deviation of the mean heart rate
during CT coronary angiography. However, this deﬁnition of
HRV may not give accurate insight regarding the effect of
HRV during spiral CT coronary angiography; a gradual in-
crease in HRF does not generally affect image quality, while
the standard deviation of the mean heart rate may be high. In-
stead, a sudden change in heart rate may cause several prob-
lems in the acquisition of spiral CT coronary angiography,
such as (a) inaccurate triggering of the ECG-pulsing algo-
rithm, resulting in low-dose images at the desired phase of im-
age reconstruction, and (b) artifacts owing to differences in
image reconstruction phases between consecutive heart beats.
Previously, ECG pulsing could not be applied in patients with
arrhythmias.
The adaptive ECG-pulsing algorithm reacts to a sudden
change in R-R interval by switching off the ECG pulsing during
subsequent R-R intervals. Adaptive ECG-pulsing controlled
X-ray tube current modulation, has been introduced as an
effective tool to reduce radiation exposure by up to 50% in spir-
al CT coronary angiography (6,7). The ﬁrst-generation ECG-
pulsing algorithms were not consistently used because the
occurrence of a single premature beat could result in nondiag-
nostic image quality owing to incorrect timing of the high X-ray
tube output. Current ECG-pulsing algorithms are able to
Table 6 Findings of conventional invasive coronary angiography on per segment level.
Total HRF group HRV group
Low Intermediate High Normal Low Intermediate Severe
Analysis at segment level 614 257 237 120 269 204 73 39
Figure 2 Sixty-four-section CT coronary angiography in 48-year-old woman with atypical chest pain (heart rate, 57 beats/min). (a)
Curved multiplanar reformation of right coronary artery shows signiﬁcant luminal narrowing owing to noncalciﬁed plaque (arrow) in
distal segment. (b) Corresponding catheter angiogram conﬁrms signiﬁcant stenosis (arrow), resulting in positive rating.
Figure 3 Coronary angiography in patient with high HRF (84 beats/min). CT coronary angiogram (upper left) shows cross-sections of
proximal left anterior descending artery (LAD) (upper right). Conventional coronary angiogram (lower left) and volume-rendered
reconstruction (lower right) show stenosis (arrowhead).
286 M.A.M. Saad, H.Y. Azerdetect ectopic heart beats and the X-ray tube current modula-
tion is automatically switched off until the heart rate is stable
again. Adaptive ECG-pulsing algorithms for use in spiral CT
are designed to maintain diagnostic image quality in arrhyth-mic patients since the continuous high X-ray tube output allows
ﬂexible selection of the desired reconstruction phase through-
out the R-R interval. However, image quality is only main-
tained at the cost of higher radiation exposure (8).
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consecutive heart beats and the adaptive ECG pulsing helps
to improve image quality and diagnostic performance of DS
CT coronary angiography without the use of B blocker pre
medication in patient population with a wide variety of heart
rates.
The study revealed high overall diagnostic performance of
DS CT coronary angiography in detecting signiﬁcant coronary
artery stenosis with a sensitivity of 100% on a per-patient basis
(Figs. 2 and 3). These results were obtained without exclusion
of any segments or patients on the basis of impaired image
quality. We found no signiﬁcant differences in image quality
or diagnostic performance among HRF and HRV groups.
One limitation of this study was that the patient population
was relatively small and consisted of a well-deﬁned patient
group referred for their ﬁrst diagnostic angiogram with sus-
pected stable coronary artery disease. In fact, the prevalence
of disease inﬂuenced the calculations of diagnostic accuracies
when non evaluable segments were classiﬁed as ‘‘positive.’’
Therefore, results can not immediately be transferred to other
clinical settings, such as patients with known coronary artery
disease and a higher prevalence of stenoses. Because patients
in nonsinus rhythm were not included, our study did not allow
the assessment of the accuracy of DSCT angiography for pa-
tients in atrial ﬁbrillation or the evaluation of the efﬁcacy of
tube current modulation in that population.
Future developments, such as complete data acquisition
during a single heart beat, combined with a further increase
in temporal resolution (e.g., 25 ms), may result in a true heart
rate–independent image acquisition, even in patients with se-
vere arrhythmia.
The current study ﬁndings agree with the previous reports
that image quality and diagnostic accuracy of DSCT for the
detection of coronary artery stenoses is high in patients with
a heart rate above the commonly suggested threshold of 65
beats/min (12–14). Most likely, this is secondary to improved
temporal resolution of DSCT as compared with previous gen-
erations of MDCT independent of HRF or HRV.
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